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Abstract: The existence of areas of strongly positive electrostatic potential in the central regions of
the molecular surface of high-energy molecules is a strong indicator that these compounds are very
sensitive towards detonation. Development of high-energy compounds with reduced sensitivity
towards detonation and high efficiency is hard to achieve since the energetic molecules with high
performance are usually very sensitive. Here we used Density Functional Theory (DFT) calculations
to study a series of bis(acetylacetonato) and nitro-bis(acetylacetonato) complexes and to elucidate their
potential application as energy compounds with moderate sensitivities. We calculated electrostatic
potential maps for these molecules and analyzed values of positive potential in the central portions
of molecular surfaces in the context of their sensitivity towards detonation. Results of the analysis of
the electrostatic potential demonstrated that nitro-bis(acetylacetonato) complexes of Cu and Zn have
similar values of electrostatic potential in the central regions (25.25 and 25.06 kcal/mol, respectively)
as conventional explosives like TNT (23.76 kcal/mol). Results of analysis of electrostatic potentials
and bond dissociation energies for the C-NO2 bond indicate that nitro-bis(acetylacetonato) complexes
could be used as potential energetic compounds with satisfactory sensitivity and performance.
Keywords: high-energy materials; electrostatic potential; DFT calculations
1. Introduction
The design and preparation of new High-Energy Materials (HEM) with improved
stability and satisfactory performance attracted extensive attention of scientists working in
the field of energy compounds over the last few decades [1–4]. Many classical explosives
fall into the categories of nitroaromatic or nitroaliphatic compounds, however, these
energetic molecules usually have very high sensitivities towards detonation. Although
nitroaromatic and nitroaliphatic compounds are the focus of the vast majority of studies
in this area, coordination compounds are also seen as possible energy molecules with
promising detonation characteristics [4–11].
The main challenge in the development of new HEM compounds is achieving the
balance between high and low sensitivity towards detonation, since energy compounds
with good performance are usually very sensitive towards mechanical stimuli [2]. Es-
tablishing control over the impact sensitivities of energetic molecules is very challenging
because many electronic and crystalline factors affect the sensitivities of HEM molecules
towards detonation. Some of the most important factors that affect HEM sensitivities
towards detonation are energy content, oxygen balance, voids, and free space per molecule
in the crystal lattice, hydrogen bonding, and positive values of electrostatic potential in the
central regions of the molecular surface [3,12–15].
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The positive value of molecular electrostatic potential (MEP) above the central regions
of the molecular surface is recognized as an especially important indicator of the high
sensitivity of many energetic molecules [2,16]. Positive electrostatic potential induces
resistance to the shifting and slipping of the lattice planes in the crystal structures of HEM
compounds [2]. Slipping and shifting of lattice planes normally occur when the crystal
of the energetic compound is exposed to mechanical pressure. The resistance generated
by the repulsion of positive charges between central regions of two HEM molecules
induces the formation of hot spots—localized regions of thermal energy responsible for
the detonation of energetic compounds. Another consequence of the existence of the
strong positive potential in the central regions of the molecular surface is the withdrawal of
electronic charge by the substituents attached to the aromatic ring of nitroaromatic energetic
molecules. This withdrawal makes carbon-nitrogen bonds weaker, and the bond-breaking
process occurs more easily. Practically, Klapötke demonstrated that electrostatic potential
could be used to predict relative sensitivities towards detonation for energetic molecules
with similar molecular frameworks [17–20].
Electrostatic potentials were also used to explain the results of the study of the detona-
tion properties of energetic co-crystals, which indicate that TNT/CL-20 co-crystals have
lower values of detonation velocity and reduced sensitivity towards detonation compared
to isolated CL-20 molecules [21]. These differences were the consequence of the fact that
positive potential in the central area of the CL-20 molecule decreases upon co-crystalisation
of this molecule with TNT [21].
In our previous work, we demonstrated that the molecular electrostatic potential
of square-planar acetylacetonato (abbreviation: M(acac)) chelate complexes of Ir, Rh, Pt,
and Pd could be modified by careful selection of metal atoms and ligands [22]. Different
combinations of ligands and metals in these complexes resulted in very different values of
electrostatic potentials over the central regions of molecular surfaces. The obvious conse-
quence of this was the existence of a very strong non-covalent O-H/M interaction between
the metal atoms in these complexes and water molecules (−9.83 kcal/mol in case of O-H/Ir
interaction between [Ir(acac)(en)]. complex and water). This procedure of combining
metal atoms and ligands in order to adjust electrostatic potentials could be used for the
development of the new energetic molecules based on the chelate coordination compounds.
Chelate complexes of Co, Zn, and Ni with π-stacking interactions and hydrogen bonds
in their crystal structures were recently proposed as possible safer energetic materials [4].
Sensitivity tests and thermal studies were performed for three high energy coordina-
tion compounds: [Co(SCZ)2(H2O)2]·(TNR)(H2O)2, [Zn(SCZ)2(H2O)2]·(TNR)(H2O)2, and
[Ni(SCZ)2(H2O)2].(TNR)(H2O)2 (where SCZ = semicarbazide and H2TNR = styphnic acid)
and the results demonstrated that these energetic molecules are relatively insensitive to-
wards mechanical stimuli [4]. It is especially important to point out the role of π-stacking
interactions and hydrogen bonds for the control of the sensitivities of HEM compounds. In
our recent study, it was found that hydrogen bonding can modify the values of positive
electrostatic potential in the central areas of common HEM molecules (1,3,5-trinitrobenzene,
2,4,6-trinitrophenol, and 2,4,6-trinitrotoluene) up to 25% [23].
Another important example of the chelate energetic compounds represents the case
of the Fe(II) complex with tetrazine/triazolo-tetrazine ligands and perchlorate as counter
ions, which falls in the category of secondary explosives [5]. The study of the detonation
characteristics of these complexes demonstrated that they are less sensitive than other
secondary explosives, like pentaerythriol tetranitrate. An additional advantage of this class
of chelate HEM molecules is the fact that they could be ignited using laser lights with lower
energies compared to the laser lights used to ignite classical energetic molecules [5].
In this work, we used Density Functional Theory (DFT) calculations to analyze electrostatic
potentials and Bond Dissociation Energies (BDE) for a series of nitro-bis(acetylacetonato)
complexes in the context of their sensitivity towards detonation and possible application
as energetic molecules. Since, in our previous work, we demonstrated that values of the
electrostatic potential of chelate complexes could be easily tuned by combining different metal
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ions and ligands [22], this approach could be used as a new tool for the design of new classes
of HEM compounds based on chelate complexes.
2. Results and Discussion
2.1. Molecular Electrostatic Potential Analysis
Since it is known that values of positive potential in the middle regions of HEM
molecules are a good indicator of their sensitivity towards detonation, Molecular Elec-
trostatic Potentials (MEP) were calculated for five bis(acetylacetonato) and five nitro-
bis(acetylacetonato) complexes. Geometries of these complexes were optimized prior to
the MEP calculations and optimized structures are provided in Figure 1.
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Figure 1. Optimized geometries for: (a) bis(acetylacetonato) cobalt (II), (b) nitro-bis(acetylacetonato)
cobalt (II), ( ) bis(acetyl cetonato) nickel (II), (d) itro-bis(acetylacetonato) nickel (II),
(e) bis(acetylacetonato) copper (II), (f) nitro-bis(acetylacetonato) copper (II), (g) bis(acetylacetonato)
zinc (II), (h) nitro-bis(acetylacetonato) zinc (II), (i) bis(acetylacetonato) oxovanadium (IV), and
(j) nitro-bis(acetylacetonato) oxovanadium complexes.
After geometry optimization, structures of bis(acetylacetonato) and nitro-
bis(acetylacetonato) complexes of Co (II), Ni (II), and Cu (II) adopted square-planar
geometry (Figure 1a–f), bis(acetylacetonato) and nitro-bis(acetylacetonato) complexes of
zinc (II) adopted tetrahedral geometry (Figure 1g,h), while bis(acetylacetonato) and nitro-
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bis(acetylacetonato) oxovanadium (IV) complexes adopted square-pyramidal geometry
(Figure 1i,j).
To compare calculated geometries with experimental data, we searched experimentally
determined crystal structures of studied molecules in the Cambridge Structural Database.
We found only crystal structures of bis(acetylacetonato) complexes, and we compared
experimental geometries with our optimized geometries. We extracted and analyzed the
following crystal structures (Figure S1): LIYLIO (bis(acetylacetonato) cobalt (II)), FEVMUP
(bis(acetylacetonato) nickel (II)), ACACCU01 (bis(acetylacetonato) copper (II)), ASOCOC
(bis(acetylacetonato) zinc (II)), and ACACVO07 (bis(acetylacetonato) oxovanadium (IV)).
Analysis demonstrated that, in the crystal structures of the bis(acetylacetonato) complexes
of Co, Ni, and Cu, geometries are square planar, which is in agreement with the geometries
obtained by our calculations. The geometry of the bis(acetylacetonato) zinc (II) complex
was tetrahedral and the geometry of the bis(acetylacetonato) oxovanadium (IV) complex
was square-pyramidal in crystal structures, which is also in agreement with the results of
our calculations.
Analysis of the calculated infrared spectra was performed using the Avogadro pro-
gram (vibrations were visualized and animated for the purpose of the analysis). Calculated
vibrational frequencies could be grouped into three regions: vibrations below 700 cm−1,
from 700 cm−1 to 1700 cm−1, and above 1700 cm−1 (Figures S2–S11). Bands in the re-
gion below 700 cm−1 (especially between 700 and 500 cm−1) are the consequence of the
M-O stretching vibrations (v(MO)). Low-intensity vibrations with the frequencies around
950 cm−1 correspond to the C-CH3 stretching vibrations (v(C-CH3)). Vibrations in the
interval 1500–1400 cm−1 are due to the C-N stretching vibrations (v(C-N)). Vibrational
bands around 1600 cm−1 are related to the stretching C-O vibrations (v(CO)) accompanied
with C=C stretching vibrations (v(C=C)). Vibrations in the interval 1700–1600 cm−1 are
the consequence of the N-O vibrations (v(N-O)). In all studied complexes, low-intensity
frequencies around 3000 cm−1 are due to C-H stretching vibrations (v(C-H)).
Calculated electrostatic potential maps for square-planar bis(acetylacetonato) and
nitro-bis(acetylacetonato) complexes are provided in Figure 2.
Analysis of the electrostatic potential values in the central regions of studied molecules
demonstrated that positive potential in the centers of chelate molecules increases upon the
addition of -NO2 groups to acetylacetonato ligands. Electrostatic potential in the central
regions of bis(acetylacetonato) complexes of Co (II) and Ni (II) are negative (values of
electrostatic potential in two critical points in the central region of bis(acetylacetonato)
cobalt (II) complex are −8.90 kcal/mol each, while in one critical point in the center of
bis(acetylacetonato) nickel (II) complex value of electrostatic potential is −11.22 kcal/mol).
In the case of bis(acetylacetonato), the copper (II) complex value of electrostatic potential
in the critical point located at the center of the molecule is slightly positive: 5.23 kcal/mol.
Upon the addition of -NO2 substituents to the acetylacetonato ligands, electrostatic po-
tential in the centers of all three bis(acetylacetonato) complexes, as presented in Figure 1,
significantly increases. In the case of the nitro-bis(acetylacetonato) cobalt (II) complex, the
values of electrostatic potential increase in both critical points to 13.32 and 13.19 kcal/mol.
The most positive potential was calculated for the critical point in the center of the nitro-
bis(acetylacetonato) copper (II) complex: 25.25 kcal/mol. This is more positive than the
electrostatic potential previously calculated for the critical point in the center of the well-
known conventional explosive 2,4,6-trinitotoluene (23.76 kcal/mol) [23]. This value is
also very close to the values of electrostatic potentials in the central regions of other
common explosives like 1,3,5-trinitrobenzene (27.33 kcal/mol) or 2,4,6-trinitrophenol
(27.49 kcal/mol) [23].
It is also important to note that, for all three nitro-bis(acetylacetonato) complexes,
positive (yellow) areas could be identified above the C-NO2 bonds. Positive potential
above the bonds that are most likely to be broken during the detonation process is also a
strong indicator of their sensitivity towards detonation.
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Results demonstrated that the value of electrostatic potential in the center of the
bis(acetylacetonato) zinc (II) complex (Figure 3a) was slightly positive: 3.57 kcal/mol. In
the case of the nitro-bis(acetylacetonato) zinc (II) complex (Figure 3b), positive potential
increased to 25.06 kcal/mol. This value is more positive than the previously calculated
value of electrostatic potential [23] in the center of 2,4,6-trinitotoluene (23.76 kcal/mol)
and similar to the value calculated for the nitro-bis(acetylacetonato) copper (II) com-
plex (25.25 kcal/mol). In the case of the nitro-bis(acetylacetonato) zinc (II) complex, a
positive (yellow) area could be identified above the C-NO2 bond, similar to the other
nitro-bis(acetylacetonato) complexes.
Especially interesting are the cases of the bis(acetylacetonato) and nitro-bis(acetylacetonato)
oxovanadium (IV) complexes. Calculated electrostatic potential for bis(acetylacetonato) oxo-
vanadium (IV) complex (Figure 4a) shows relatively strong positive potential in the center of
the molecule (18.79 kcal/mol). Upon the addition of the nitro-group to the acetylacetonato
ligands, the value of electrostatic potential in the central region of nitro-bis(acetylacetonato)
oxovanadium (IV) complex (Figure 4b) rises to 40.18 kcal/mol. This is significantly higher
compared to all mentioned conventional explosives (2,4,6-trinitotoluene, 1,3,5-trinitrobenzene,
and 2,4,6-trinitrophenol) [23]. In the case of the nitro-bis(acetylacetonato) oxovanadium (IV)
complex there are also strongly positive (red) areas of positive electrostatic potential above the
C-NO2 bonds.
Molecules 2021, 26, x FOR PEER REVIEW 6 of 11 
 
 
Figure 3. Calculated electrostatic potential maps for: (a) bis(acetylacetonato) zinc (II), and (b) ni-
tro-bis(acetylacetonato) zinc (II) complexes. Color ranges, in kcal/mol, are: red, greater than 6.28, 
yellow, from 0.00 to 6.28, green, from −6.28 to 0.00, and blue, more negative than −6.28. Black dots 
represent critical points on the molecular surfaces. 
Results demonstrated that the value of electrostatic potential in the center of the 
bis(acetylacetonato) zinc (II) complex (Figure 3a) was slightly positive: 3.57 kcal/mol. In 
the case of the nitro-bis(acetylacetonato) zinc (II) complex (Figure 3b), positive potential 
increased to 25.06 kcal/mol. This value is more positive than the previously calculated 
value of electrostatic potential [23] in the center of 2,4,6-trinitotoluene (23.76 kcal/mol) 
and similar to the value calculated for the nitro-bis(acetylacetonato) copper (II) complex 
(25.25 kcal/mol). In the case of the nitro-bis(acetylacetonato) zinc (II) complex, a positive 
(yellow) area could be identified above the C-NO2 bond, similar to the other ni-
tro-bis(acetylacetonato) complexes. 
Especially interesting are the cases of the bis(acetylacetonato) and ni-
tro-bis(acetylacetonato) oxovanadium (IV) complexes. Calculated electrostatic potential 
for bis(acetylacetonato) oxovanadium (IV) complex (Figure 4a) shows relatively strong 
positive potential in the center of the molecule (18.79 kcal/mol). Upon the addition of the 
nitro-group to the acetylacetonato ligands, the value of electrostatic potential in the cen-
tral region of nitro-bis(acetylacetonato) oxovanadium (IV) complex (Figure 4b) rises to 
40.18 kcal/mol. This is significantly higher compared to all mentioned conventional ex-
plosives (2,4,6-trinitotoluene, 1,3,5-trinitrobenzene, and 2,4,6-trinitrophenol) [23]. In the 
case of the nitro-bis(acetylacetonato) oxovanadium (IV) complex there are also strongly 
positive (red) areas of positive electrostatic potential above the C-NO2 bonds. 
 
Figure 4. Calculated electrostatic potential maps for (a) bis(acetylacetonato) and (b) ni-
tro-bis(acetylacetonato) oxovanadium (IV) complexes. Color ranges, in kcal/mol, are: red, greater 
than 6.28, yellow, from 0.00 to 6.28, green, from −6.28 to 0.00 kcal/mol, and blue, more negative than 
−6.28. Black dots represent critical points on the molecular surfaces. 
Although -NO2 group is the most important group that affects the properties of ni-
tro-energetic molecules, other substituents can affect the electrostatic potential of ener-
getic molecules, too. It is known that the addition of -CH3 substituent to the aromatic ring 
of 1,3,5-trinitrobenzene leads to a decrease in the value of electrostatic potential in the 
central region of this molecule, from 27.33 to 23.76 kcal/mol [23]. It could be assumed that 
-CH3 groups attached to the chelate rings of studied complexes have a similar effect on 
the values of the electrostatic potential above the central area of the molecular surface. 
For the complexes with the strongest positive potentials in the central molecular regions 
(bis(acetylacetonato) and nitro-bis(acetylacetonato) oxovanadium (IV) complexes) we 
substituted -CH3 groups with H atoms, and we performed additional calculations of 
electrostatic potentials (Figure S12). Electrostatic potential above the center of modified 
the bis(acetylacetonato) oxovanadium (IV) complex (-CH3 groups substituted with H 
atoms, Figure S12a) was significantly more positive (29.95 kcal/mol) compared to the 
non-modified complex (18.79 kcal/mol, Figure 4a). Similar results were obtained for the 
modified nitro-bis(acetylacetonato) oxovanadium (IV) complex with the -CH3 group 
Figure 4. Calculated electrostatic potential aps for (a) bis(acetylacetonato) and (b) nitro-
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Although -NO2 group is the most important group that affects the properties of nitro-
energetic molecules, other substituents can affect the electrostatic potential of energetic
molecules, too. It is known that the addition of -CH3 substituent to the aromatic ring
of 1,3,5-trinitrobenzene leads to a decrease in the value of electrostatic potential in the
central region of this molecule, from 27.33 to 23.76 kcal/mol [23]. It could be assumed
that -CH3 groups attached to the chelate rings of studied complexes have a similar effect
on the values of the electrostatic potential above the central area of the molecular sur-
face. For the complexes with the strongest positive potentials in the central molecular
regions (bis(acetylacetonato) and nitro-bis(acetylacetonato) oxovanadium (IV) complexes)
we substituted -CH3 groups with H atoms, and w performe additional alculations
of electrostatic potentials (Figure S12). Electrostatic potential abov the c nter of modi-
fied the bis(acetylace nato) oxovanadium (IV) complex (-CH3 groups substituted with
H atoms, Figure S12a) wa sign ficantly more positive (29.95 l mol) co pared t
- ifi co plex (18.79 kcal/mol, Figure 4a). Similar results were obtained for
the modified nitro-bis(acetylacetonat ) oxovanadium (IV) complex with the - 3
substituted with H atoms; the value of electrostatic potential above the central region
of modified complex was 57.16 kcal/mol, which is significantly more positive than the
electrostatic potential above the non-modified nitro-bis(acetylacetonato) oxovanadium
(IV) complex (40.18 kcal/mol). Results of these calculations demonstrated that the -CH3
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group strongly affects the value of the electrostatic potential of (bis(acetylacetonato) and
nitro-bis(acetylacetonato) complexes.
However, since the positive value of electrostatic potential above the central portion
of the molecular surface is only one of the indicators of the sensitivity towards detonation
of potential HEM molecules, we calculated the bond dissociation energies (BDE) for C-
NO2 groups of all studied nitro-bis(acetylacetonato) complexes. BDE values are a good
indicator of how likely bond-breaking process is to occur. A combination of the results
of the electrostatic potential analysis and the BDE calculation results can provide a good
description of the detonation properties of energetic molecules.
2.2. Bond Dissociation Energies Calculations
Bond dissociation energies of C-NO2 bonds were calculated for all studied nitro-
bis(acetylacetonato) complexes (abbreviation: M(acac-NO2)2). Calculated values of
BDE with zero-potential energy correction are provided in Table 1. BDE values with-
out zero-potential energy correction are provided in Table S11, in the Supplementary
Materials section.
Table 1. Calculated bond dissociation energies (with zero-potential energy correction) of the weakest
C-NO2 bonds in studied nitro-bis(acetylacetonato) complexes.
Complex E (complex) 1 E (complex radical) 1 E (NO2 radical) 1 BDE 2
Co(acac-NO2)2 −2482.339456 −2277.113539 −205.13191 58.99
Ni(acac-NO2)2 −2607.885082 −2402.656789 −205.13191 60.48
Cu(acac-NO2)2 −2740.057538 −2534.830809 −205.13191 59.50
Zn(acac-NO2)2 −2878.928600 −2673.704112 −205.13191 58.09
VO(acac-NO2)2 −2118.925282 −1913.668804 −205.13191 78.17
1 Energies provided in Hartrees. 2 Energies provided in kcal/mol.
Analysis of the calculated bond dissociation energies demonstrates that the weakest
C-NO2 bonds exist in the Zn(acac-NO2)2 complex: 58.09 kcal/mol. Similar BDE values
were calculated for Co(acac-NO2)2, Ni(acac-NO2)2, and Cu(acac-NO2)2 complexes (58.99,
60.48, and 59.50 kcal/mol, respectively). In the case of VO(acac-NO2)2, complex BDE
values for C-NO2 bonds were calculated to be higher: 78.17 kcal/mol. All calculated
BDE values are similar to the BDE values of the classical explosives; for example, the
calculated BDE value for the C-NO2 bond of 2,4,6-trinitrotoluene is 58.90 kcal/mol and for
the C-NO2 bond of 1,3,5-triaminotrinitrobenzene is 69.40 kcal/mol [24]. The only exception
is the nitro-bis(acetylacetonato) oxovanadium (IV) complex, in which the C-NO2 bond
is somewhat stronger, indicating that the C-NO2 bond in this molecule is less likely to
undergo the bond-breaking process. This is also in the contrast with the results of the
analysis of electrostatic potential that indicate that VO(acac-NO2)2 complex is the most
sensitive towards detonation since it has the most positive values of electrostatic potentials
in the central regions of the molecular surface. It is important to note that higher values of
BDE for the C-NO2 bond of VO(acac-NO2)2 complex are related to the lower sensitivity
towards detonation, which would make VO(acac-NO2)2 a prospective candidate for the
new energetic molecule with moderate sensitivity towards detonation.
3. Discussion
Results of the analysis of the electrostatic potentials for the series of bis(acetylacetonato)
and nitro-bis(acetylacetonato) complexes of Ni, Co, Cu, Zn, and V demonstrated that the
values of electrostatic potentials in the central areas of molecular surfaces become signifi-
cantly more positive upon the addition of the NO2 groups to the acetylacetonato ligands.
Results also demonstrated that fine-tuning of the electrostatic potential of chelate molecules
could be achieved by changing the metal atom in the central parts of these complexes.
Obtained results for studied nitro-bis(acetylacetonato) complexes demonstrated that nitro-
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bis(acetylacetonato) complexes of copper (II) and zinc (II) have electrostatic potential values
in the central regions of molecules similar to the same values of conventional nitroaromatic
explosives, while the nitro-bis(acetylacetonato) oxovanadium (IV) complex has signifi-
cantly higher values of electrostatic potential in the center of the molecular surface. The
strongest positive potential was calculated for the square-pyramidal VO(acac-NO2)2 com-
plex (40.18 kcal/mol). The possible reason for this is the presence of the V=O fragment in
the center of the molecule. The oxygen atom is capable of withdrawing negative charge,
making the region in the extension of the V=O bond more positive than expected. This
result indicates that M=O fragments in the central regions of square-pyramidal complexes
may be used as a new tool for the adjustment of the values of the positive charge of the
electrostatic potential of chelate energetic molecules. Results indicating that metal atoms
may be used for the tuning of the electrostatic potential and the sensitivities of metal-
containing energetic molecules are in agreement with the conclusions of previous studies
related to the sensitivities of metal (metal = Mn, Co, Zn, and Cd) 1,5-diaminotetrazole
perchlorate complexes [25].
Electrostatic potential maps were also analyzed in the regions above the C-NO2 bonds.
In all studied complexes, electrostatic potential above the central region was positive,
indicating that the bond-breaking process is likely to occur in the C-N regions. Electrostatic
potentials above C-N bonds were yellow (positive) for all studied nitro-bis(acetylacetonato)
complexes except for VO(acac-NO2)2, where the electrostatic potential map was red (strong
positive charge). Since positive electrostatic potential in the central regions of the molecular
surface and above C-N bonds is only one of the indicators of the sensitivity of high-
energy molecules, bond dissociation energies for C-NO2 bonds of nitro-bis(acetylacetonato)
complexes were also calculated and analyzed.
Analysis of the bond dissociation energies of C-NO2 bonds demonstrated that BDE
values for studied complexes are similar to the BDE values of well-known nitroaromatic
explosives like TNT. These results indicate that the nitro-bis(acetylacetonato) complexes of
transition metals could be used as potential high-energy materials. This is consistent with
the results of previous experimental studies demonstrating that nitro-substituted acety-
lacetonato complexes could act as energetic molecules [26,27]. Experimental study of the
properties of the nitro-tris(acetylacetonato) aluminum (III) and nitro-tris(acetylacetonato)
galium (III) complexes demonstrated that these compounds spontaneously ignite in air
when heated [26]. Recently, authors found that the mixture of the nitroacetylacetonato
complexes of In, Ga, and Zn could be used as a fuel for the combustion processing of
indium-galium-zinc oxide thin films [27]. These molecules displayed higher enthalpies of
combustion (988.6 vs. 784.4 J/g) and lower ignition temperatures (107.8 vs. 166.5 ◦C) in
comparison with conventional acetylacetonato-based fuels [27].
Results obtained for the VO(acac-NO2)2 are conflicting and this complex needs to be
studied in more detail in the future. While values of the electrostatic potentials above the
central portion of the molecular surface and above the C-N bond indicate that this complex
could be more sensitive towards detonation compared to other studied complexes, high
values of BDE indicate that the bond-breaking process for the C-NO2 bond in this complex
is less likely to occur compared to other studied complexes. It should be mentioned that the
VO(acac-NO2)2 complexes have increased the amount of oxygen in the molecule due to the
presence of the V=O fragment, which makes it an interesting candidate for the new type of
energetic compounds, since oxygen content is also an important factor for the determination
of the detonation properties of energetic molecules. Results of the calculations performed
on modified structures of oxovanadium complexes demonstrated that the -CH3 group
strongly affects the value of the electrostatic potential of bis(acetylacetonato) and nitro-
bis(acetylacetonato) complexes.
4. Methodology
All geometry optimizations, wave function files calculations, and bond dissociation
energies calculations were performed using Gaussian09 software [28]. To ensure that opti-
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mized geometries represent true minima, we calculated and analyzed vibrational spectra
and determined that there are no imaginary frequencies. Coordinates of the optimized
complexes (Tables S1–S10) and vibrational spectra (Figures S2–S11) are provided in the
Supplementary Materials. Calculated wave function files were used to obtain electrostatic
potential maps in the program WFA-SAS [29]. All geometry optimizations and wave
function files calculations were performed using the M06 functional and cc-PVDZ basis
set [30–34]. Bond dissociation energies calculations were performed using B3LYP functional
and 6-311++G** according to the previously reported procedure [24]. The M06 method
was used for geometry optimizations and electrostatic potential calculations, since our
results were compared to the electrostatic potentials previously calculated with the same
method [23]. The B3LYP method was used for bond dissociation energies calculations,
since the BDE results of our calculations were compared to the BDE values of classical
explosives previously calculated using, also, the B3LYP method [24]. Infrared spectra
were corrected by the scaling factor of 0.975, which was previously used for the calcu-
lated IR spectra of metal acetylacetonates [35]. The visualization of three-dimensional
structures of molecules and infrared spectra was performed using Avogadro and Mercury
software [36]. The Cambridge Structural Database was searched to extract the crystal
structures of acetylacetonato complexes [37].
Supplementary Materials: The following are available online: Figure S1, Crystal structures
extracted from the Cambridge Structural Database: LIYLIO (bis(acetylacetonato) cobalt (II)),
FEVMUP (bis(acetylacetonato) nickel (II)), ACACCU01 (bis(acetylacetonato) copper (II)), ASO-
COC (bis(acetylacetonato) zinc (II)), and ACACVO07 bis(acetylacetonato) oxovanadium (IV)).
Figure S2, Calculated infrared spectrum for the optimized geometry of the Co(acac)2 complex.
Figure S3, Calculated infrared spectrum for the optimized geometry of the Co(acac-NO2)2 com-
plex. Figure S4, Calculated infrared spectrum for the optimized geometry of the Ni(acac)2 complex.
Figure S5, Calculated infrared spectrum for the optimized geometry of the Ni(acac-NO2)2 complex.
Figure S6, Calculated infrared spectrum for the optimized geometry of the Cu(acac)2 complex.
Figure S7, Calculated infrared spectrum for optimized geometry of the Cu(acac-NO2)2 complex.
Figure S8, Calculated infrared spectrum for the optimized geometry of the Zn (acac)2 complex.
Figure S9, Calculated infrared spectrum for the optimized geometry of the Zn (acac-NO2)2 com-
plex. Figure S10, Calculated infrared spectrum for the optimized geometry of the VO(acac)2 com-
plex. Figure S11, Calculated infrared spectrum for the optimized geometry of the VO(acac-NO2)2
complex. Figure S12, Calculated electrostatic potential maps of modified bis(acetylacetonato) and
nitro-bis(acetylacetonato) oxovanadium (IV) complexes (-CH3 groups substituted with H atoms).
Table S1, Cartesian coordinates for the optimized geometry of the Co(acac)2 complex. Table S2:
Cartesian coordinates for optimized geometry of the Co(acac-NO2)2 complex. Table S3, Cartesian
coordinates for the optimized geometry of the Ni(acac)2 complex. Table S4, Cartesian coordinates
for the optimized geometry of the Ni(acac-NO2)2 complex. Table S5, Cartesian coordinates for the
optimized geometry of the Cu(acac)2 complex. Table S6, Cartesian coordinates for the optimized
geometry of the Cu(acac-NO2)2 complex. Table S7, Cartesian coordinates for the optimized ge-
ometry of the Zn(acac)2 complex. Table S8, Cartesian coordinates for the optimized geometry of
Zn(acac-NO2)2 complex. Table S9, Cartesian coordinates for the optimized geometry of VO(acac)2
complex. Table S10, Cartesian coordinates for the optimized geometry of VO(acac-NO2)2 complex.
Table S11, Calculated bond dissociation energies (without zero-potential energy correction) of
weakest C-NO2 bonds in studied nitro-bis(acetylacetonato) complexes.
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